The fungal pathogens Cryptococcus neoformans and Cryptococcus gattii can cause lifethreatening infections in immune compromised and immune competent hosts. These pathogens enter the host via inhalation, and respiratory tract innate immune cells such as dendritic cells (DCs) are one of the first host cells they encounter. The interactions between Cryptococcus and innate immune cells play a critical role in the progression of disease in the host. This review will focus specifically on the interactions between Cryptococcus and dendritic cells (DCs), including recognition/processing by DCs, effects of immune mediators on DC recruitment and activity, and the potential for DC vaccination against cryptococcosis.
Dendritic Cells
Dendritic cells (DCs) are innate phagocytes in the lung, and they function as sentinels of the immune system. Due to their presence in the lung, they are one of the first cell types to encounter inhaled pathogens such as Cryptococcus. These cells can not only recognize, phagocytose, and degrade invading pathogens, but also present antigen to naïve T cells and ultimately direct the adaptive immune response. DCs can be affected by the local cytokine mileu, and their recruitment to the site of infection often correlates with pathogen control. Early studies examining the DC response to Cryptococcus showed that recruitment of specific subsets of DCs, including Langerhans and myeloid DCs, are associated with protective responses [1] .
Recognition of Cryptococcus by DCs
In order to initiate immune responses, DCs must first recognize cryptococcal cells in the lung. Cryptococcal cells are surrounded by an anti-phagocytic capsule mainly comprised of glucuronoxylomannan (GXM) and galactoxylomannan (GalXM), and the capsule allows the fungi to evade detection by phagocytes [2] [3] [4] . However, once opsonized by complement or by anti-capsular antibody, the cells can be phagocytosed by DCs [5] . Studies examining toll-like receptors (TLR2 and TLR4) on DCs show that while these receptors can recognize cryptococcal capsular component GXM [6, 7] , they play a minor role in protection against C. neoformans infection [8] . TLR2 −/− and TLR4 −/− mice produce similar levels of interleukin 1β (IL-1β), IL-6, IL-12p40 and tumor necrosis factor-α (TNF-α) compared to littermates during cryptococcal infection, and survival rates are similar compared to wild type (WT) mice [6, 8] . DNA from Cryptococcus neoformans can be recognized by TLR9 in myeloid DCs and can activate these DCs [9] . Later studies identified a specific URA5 gene fragment of cryptococcal DNA that can activate bone marrow-derived DCs (BMDCs) in a TLR9-dependent manner [10] . Additionally, although DNA of C. neoformans activates BMDCs via TLR9 [9] , the culture supernatants from Cryptococcus neoformans suppress activation of BMDCs stimulated with cryptococcal DNA, but not with DNA from other fungi [11] . Mice lacking TLR9 have an increased susceptibility to C. neoformans infection, and TLR9 appears to be required for recruitment of DCs to the site of infection [9, 12, 13] (Table 1 ). In addition to TLRs, c-type lectin receptors have been implicated in DC recognition of several fungal pathogens (reviewed in [14] ). However, in contrast to other fungal pathogens, recent studies have shown that conventional DCs do not recognize C. neoformans by c-type lectin receptors such as Dectin-1, Dectin-2, or Dectin-3 [15] [16] [17] . The mannose receptor (MR) on DCs can recognize cryptococcal mannoprotein (MP), and MP activates and induces maturation of human DCs by a process that involves recognition by the MR [18, 19] (Table 1) . Furthermore, after pulmonary cryptococcal infection, MR −/− mice have increased fungal burden compared to WT mice, and DCs from MR −/− mice do not induce Cryptococcus-specific T cell proliferation when compared to DCs from WT mice [20] . 
Cryptococcal Capsular and Cell Wall Components Affect Dendritic Cell Maturation and Activation
The surface molecules of Cryptococcus, including capsular materials, mannoproteins, and chitin, can affect dendritic cell maturation and activation. Although the cryptococcal capsule is anti-phagocytic, it can also have direct effects on dendritic cells. In studies examining interactions of human DCs incubated in vitro with encapsulated vs. acapsular strains, DCs incubated with the encapsulated strain did not up-regulate surface expression of major histocompatibility complex (MHC) class I or class II or CD83, although incubation with both strains induced surface expression of CD40 [33] . However, in another study using a murine bone marrow-derived DC cell line (D1) with a WT cryptococcal strain compared to an acapsular mutant, incubation with the acapsular strain induced expression of genes involved in DC maturation, including MHC II, complement component C3, IL-12, IL-2, IL-1α, IL-1β, IL-6, IL-10, TNF-α, CC-chemokine receptor 7 (CCR7), CC-chemokine ligand 17 (CCL17), CCL22, CCL3, CCL4, CCL7, and C-X-C motif chemokine 10 (CXCL10). In contrast, the encapsulated C. neoformans strain did not induce these genes to be expressed in DCs [34] . Cryptococcal mannoproteins can also affect DC maturation and activation, even though these are sometimes masked by the presence of capsule. Studies have also shown that cryptococcal mannoproteins can induce the surface expression of MHC class I and II on human DCs, as well as costimulatory molecules including CD40, CD86, and CD83 [18] . Another part of the fungal cell wall, chitin, is not directly recognized by DCs, but it can affect DC-initiated T cell polarization [35] . Indirect chitin recognition via chitotriosidase leads to differentiation of non-protective Th2-type T cells by lung-resident interferon regulatory factor 4 (IRF4)-dependent conventional DCs.
Cryptococcal Antifungal Activity by DCs
Following recognition, for efficient uptake by DCs, encapsulated Cryptococcus must be opsonized with antibody or complement before phagocytosis can occur [5, 33] . Following uptake and processing, DCs present antigen to Cryptococcus-specific T cells, and can thus initiate the adaptive immune response [36] . Once phagocytosed by DCs, cryptococcal cells can quickly move into the endolysosomal pathway, and these compartments acquire lysosomal markers such as lysosomal-associated membrane protein 1 (LAMP-1) [37] and also recruit the tetraspanin CD63 to the acidified compartments [38] . Additional studies showed that lysosomal extract from murine BMDCs and human peripheral blood mononuclear cell (PBMC)-derived DCs has anti-cryptococcal activity [37] , and specific DC lysosomal enzymes found in the DC lysosomal extract, such as Cathepsin B, have anticryptococcal activity [39] . Cathepsin B treatment of Cryptococcus leads to a hole in the fungal cell wall, and osmotic lysis kills the organism [39] . Further studies examining fractions of DC lysosomal extract showed that several different molecular weight fractions have anti-cryptococcal activity [40] , and lysosomal components with antifungal activity are being identified. Following uptake and degradation of C. neoformans, the DCs upregulate surface molecules involved in costimulation and antigen presentation (MHC II, CD80, CD86) and are capable of antigen presentation to T cells [36] . Although uptake, processing, and killing by DCs occurs with all cryptococcal species, C. gattii can suppress further DC-mediated T cell activation. Human DCs can phagocytose and even kill C. gattii strain R265 [41] , but due to the C. gattii capsule, the DCs fail to upregulate surface markers associated with maturation, such as CD86, CD83, MR, and CD32, and fail to present cryptococcal antigen to T cells compared to DCs that encounter the acapsular C. gattii mutant, cap 59 [42] . DC maturation requires extracellular receptor signaling that is dependent on TNF-α and p38 MAPK, which occurs following interaction of the acapsular mutant with human DCs but does not occur following interaction of the encapsulated C. gattii strain with human DCs [42] . Additional studies showed that C. gattii strain JP02 interaction with the JAWS II DC cell line (a murine bone marrow-derived DC cell line) results in decreased production of cytokines such as IL-6, IL-12, and TNF-α compared to the JAWS II DCs exposed to C. neoformans H99 [43] . This was due to the alteration in one of two O-acetyl groups in the GXM of C. gattii JP02 compared to C. neoformans H99. Therefore, this change in the GXM structure resulted in impaired pathogen recognition of C. gattii compared to C. neoformans by the JAWS II DC cell line [43] . The interaction of plasmacytoid DCs (pDCs) with C. neoformans involves different antifungal mechanisms than that of conventional DCs. Recognition and uptake of C. neoformans by pDCs requires Dectin-3, and anti-cryptococcal activity is due to the production of reactive oxygen species (ROS) by pDCs [44] . Murine pDCs have direct anti-cryptococcal activity via ROS, and this activity is independent of nitric oxide (pDCs from iNOS −/− mice still have activity). In addition, recruitment of murine pDCs to the lungs during cryptococcal infection requires C-X-C motif chemokine receptor 3 (CXCR3) [44] . Human pDCs also inhibit cryptococcal growth, but this activity is not as dependent on ROS, and while Dectin-3 is necessary for optimal inhibition of cryptococcal growth, it is not required for cryptococcal uptake by human pDCs [44] .
Influence of Immune Mediators on DC Recruitment and Activity
Production of immune mediators by the host during cryptococcal infection, including cytokines, chemokines and scavenger receptors, can affect DC recruitment and/or DC activation ( Table 1) . Blocking of these mediators by using knockout (KO) mice or neutralization can lead to differences in DC recruitment to the lung, DC activation/maturation, and DC anti-cryptococcal activity. Studies examining the Th1-type cytokines have shown that the Th1-type immune response is important for cryptococcal clearance as well as DC recruitment and polarization (reviewed in [45] [46] [47] ). Following protective immunization with an IFN-γ-producing cryptococcal strain (H99γ), mice displayed a predominately Th1-type protective response [21, 48] . During challenge, protectively immunized mice had an early infiltration of DCs to the lungs at day 3 post-challenge [21] . Studies examining Th17-type cytokines have shown differential responses depending on the model and cryptococcal strain used. IL-17A is elevated in lung homogenates of protectively immunized mice following immunization with the interferon-gamma producing strain of H99 (H99γ) during primary infection and during challenge with wild-type H99. Despite elevated IL-17A in the lungs of these mice, the presence of the cytokine and signaling through the IL-17 receptor are not necessary for protection [22] . In addition, the absence of IL-17A did not alter DC recruitment to the lung [22] . However, other studies have shown that IL-17A can enhance anti-cryptococcal responses to C. neoformans strain 52D by increased infiltration of conventional DCs to the pulmonary tissues as well as increased co-stimulatory molecule expression on DCs [23] . In addition, the maturation of DCs is altered in IL-17A −/− mice [23] . The IL-17 −/− mice have reduced expression of MHC II, CD80 and CD86 on DCs at 4-8 weeks post-cryptococcal infection compared to WT mice [23] . The observed differences in the role of IL-17A may be due to the differences in mouse models (BALB/c vs. C57Bl/6) and the cryptococcal strain (H99 vs. 52D) used in these studies. Although the Th2-type cytokine response has been associated with exacerbation of cryptococcal disease, more recent studies have shown that Th2-type cytokines may be important in early stages of cryptococcal control and may be involved in DC recruitment and activation. In IL-4 receptor alpha −/− mice infected with C. neoformans serotype D, the mice have reduced pulmonary recruitment of DCs and reduced DC gene expression of CCL2 and CCL20 [24] . In addition, BMDCs stimulated in vitro with C. neoformans and IL-4 have increased production of IL-12p70 and decreased production of IL-10 in the culture supernatants compared to BMDCs stimulated with C. neoformans alone [24] . Production of the regulatory cytokine IL-10 can be associated with persistent cryptococcal infections, and blocking IL-10 late during cryptococcal infection leads to increased accumulation and activation of pulmonary DCs [25] . The chemokine GM-CSF is important in differentiation and activation of pulmonary DCs, and GM-CSF −/− mice have deficiencies in lung leukocyte recruitment, Th2 and Th17 responses, and have defective recruitment of DCs and macrophages to the lung during pulmonary cryptococcal infection [26] . During cryptococcal infection, GM-CSF −/− mice have increased numbers of Ly6C hi macrophage and DC precursors in the blood and in the lungs, but these cells do not differentiate or migrate to the lung during cryptococcal infection [26] . In contrast to what is observed in C. neoformans infections, C. gattii infection dampens both Th1 and Th17 responses, and it appears to do this in part by attenuating DC function [27] . When BMDCS are cultured with C. gattii or C. neoformans and then cultured with naïve CD4 + T cells, the T cells cultured with the C. gattii-exposed DCs produce less IFN-γ and IL-17A than those cultured with DCs exposed to C. neoformans. In addition, BMDCs cultured with C. gattii have reduced surface expression of MHC II, and gene expression for IL-12 and IL-23 is significantly reduced compared to BMDCs cultured with C. neoformans [27] .
In addition to cytokines and chemokines, cell surface receptors on DCs, including chemokine receptors and scavenger receptors, have been implicated in DC maturation and recruitment during cryptococcal infection. The chemokine receptor CCR2 has been shown to mediate the accumulation of DCs in the lungs of C. neoformans infected mice [28] . In CCR2 −/− mice infected with C. neoformans strain 52D, mice have reduced fungal clearance, which is associated with reduced accumulation of lung DCs [29] . In addition, these studies showed that the Ly-6C hi monocyte population differentiates into lung conventional DCs during cryptococcal infection, and in CCR2 −/− mice, the Ly-6C hi DC precursor population accumulates in the bone marrow, suggesting that the reduced lung DC numbers are due to the lack of trafficking of DC precursor cells to the lung during cryptococcal infection [29] . Scavenger receptor A (SRA) −/− mice have an increased accumulation of DCs in the lungs during cryptococcal infection, and these DCs have enhanced surface expression of co-stimulatory molecules CD80 and CD86, which leads to improved fungal clearance [30] . Expression of the scavenger receptor MARCO causes early accumulation and alternative activation of conventional DCs in lung associated lymph nodes, and its expression alters the Th1/Th2 cytokine balance to promote persistent infection and dissemination [31] . Impaired accumulation of lung DCs occurs during cryptococcal infection in MARCO −/− mice, and these DCs have decreased expression of CD206, but increased expression of the costimulatory molecules CD80 and CD86 [31] . MARCO deficiency leads to impaired fungal control and impaired recruitment of pulmonary conventional DCs [32] . Furthermore, MARCO −/− DCs have reduced phagocytosis of C. neoformans and indirectly reduced fungal killing, which is associated with the modulation of the cytokine environment in these mice [32] .
Dendritic Cell Vaccines against Cryptococcosis
Thus far, the most promising dendritic cell-based vaccine for cryptococcosis involves targeting glucan particles to DCs [49, 50] . These glucan particles contain alkaline extracts from cryptococcal strains lacking capsule or chitosan and can be recognized by Dectin-1 on DCs [51] . Immunization of mice with these glucan particles leads to production of antigen-specific antibody and generation of protective Th1-type and Th17-type T cell responses [52, 53] . Mice receiving these glucan particle-based C. neoformans vaccinations have increased survival rates after C. neoformans or C. gattii challenge compared control animals [49, 50] . Another C. gattii vaccine strategy has used BMDCs pulsed with an acapsular C. gattii strain, ∆ cap 60 [54] . Mice that were immunized via tail vein with the pulsed BMDCs were protected from pulmonary challenge with C. gattii R265. These DC-immunized mice had less severe pathology, lower fungal burden, and increased survival compared to non-immunized mice [54] . The protectively immunized mice also had increases in IL-17A, IFN-γ, and TNF-α producing lymphocytes in the spleen and lung. The DC C. gattii vaccine also induces multinucleated giant cells, and its efficacy is partially reduced in IFN-γ −/− mice, suggesting that the protection generated depends on IFN-γ production [55] . These studies suggest that DC vaccination strategies for C. neoformans and C. gattii infections are promising strategies for protection against cryptococcosis.
Conclusions
DCs are important first-responders during cryptcococcal infection in the lung. They have roles in recognition, uptake, and degradation of Cryptococcus. In addition, DCs and their maturation and downstream T cell activating capacity are influenced by fungal factors, such as capsular materials and fungal cell wall components, and they can also be influenced by immune mediators. All of these factors can result in different responses for the host, either clearance of cryptococcal infection or persistent infection. Understanding the DC interactions with Cryptococcus may lead to immunotherapies and effective DC-based cryptococcal vaccines in the future.
